Introduction
In recent decades, foam technology such as foam dyeing [1] [2] [3] [4] and foam finishing [5] [6] [7] [8] rapidly developed in the textile industry. Meanwhile, foam sizing has been studied for 30 years. In 1980, Warren and Robert proved that the properties of warps sized using foam were equivalent or superior to those of similar warps sized conventionally [9, 10] . Namboodri indicated that foam sizing of cotton yarns realized energy savings and increased production speed, and less bridging of warps and reduced warp hairiness were the anticipated benefits [11] . Trauer and Vialon not only discussed the differences between foam sizing and conventional technology, but also studied the influences of size concentration on the quality of warp sizing [12, 13] . Vernekar showed that the energy consumption using foam sizing was almost half that of conventional sizing approach, while the sizing qualities of the two methods had no appreciable difference. [14] . Shah and Gandhi compared the differences of energy consumption between the devices of foam and conventional sizing, and illustrated that the foam-sizing technology needed more fundamental research in the realization of industrialization promotion [15] . Berk pointed out that the technology of foam sizing made the size film on the yarn surface more uniform and the hairiness lower [16] . In 1988, Xiong Yan studied the foaming performances of sizing materials and analyzed the main factors influencing the foamablity of size liquor [17] . In 1999, Zhou Xiaohong found that the adhesive, foaming agent and the adhesive concentration played an important role in the foam-sizing technology [18] . In 2014, Weidong Gao [19, 20] in Jiangnan University developed foam sizing into industrial application and studied the sizing effects of foam-sizing and warp pre-wetting combined process. This paper investigated the impacts of size concentration, blowing ratio, stirring speed, pre-wetting temperature, predrying temperature, squeezing pressure, drying temperature on hairiness and abrasion resistance of sized yarns as the response values. Firstly, Plackett-Burma design was used to select significant factors in foam-sizing process. Then, steepest ascent experiment and Box-Behnken design response surface method were adopted to evaluate the optimal range and to determine the optimum levels.
Experimental details

Materials
Oxidized starch and polyacrylic acid (XP-C) were supplied by Fengyang Co. Ltd (China); lauryl sodium sulfate was purchased from Sinopharm Chemical Reagent Co. Ltd. Cotton 19.4 tex single yarns were purchased from Yancheng Yueda cotton spinning Co. LTD.
Methods
Plackett-Burman design
Plackett-Burman design worked on time-saving and manpower-consumption to analyze the significant parameters with respect to their main effects and not the interaction effects between the various parameter constituents. The required numbers of this experimental design runs were very few, which led to saving of time, chemicals, glassware and manpower. In this paper, Plackett-Burman design was applied for twelve trails in order to select the significance of seven factors grouped as process factors of foam sizing (size concentration X1, blowing ratio X2, stirring rate X3, pre-wetting temperature X4, pre-drying temperature X5, squeezing pressure X6, drying temperature X7, and X8, X9, X10 and X11 were dummy factors). Each factor was tested at two levels coded as (-1) for lower level and (+1) for higher level, as it is depicted in Table 1 . The Design-Expert version 8.0.6 was used for experimental design analysis and data processing.
Steepest ascent experiment
The steepest ascent experiment was performed to approach the center points of each factor for further optimization study. The path of steepest ascent (descent) was the direction in which the response increased the most. The step-size was determined based on process knowledge and practical considerations. This method was used by modelling and analyzing the relationships between several independent variables and response variable(s). Effective response surface equations can be built when the response variables infinitely approach the optimum values.
Box-Behnken Design
A statistical Box-Behnken design was used as a means of adequately optimizing significant factors. To systematically evaluate the main and interaction variables that affected foam sizing process of cotton yarns, Box-Behnken statistical design was selected for the optimization study and the Design Expert 8.0.6 software was used for experimental design analysis and data processing.
Statistic analysis
To verify the reliability of the results, the experiments were carried out in triplicate and averages and standard deviations were obtained.
Results and Discussion
Plackett-Burman analysis
Design table (code) and response values of Placket-Burman experiment was presented in Table 2 . Effects of factors on hairiness index (R1) and abrasion resistance (R2) are depicted in Table 3 . Table 5 and Design table and results of BBD experiment were shown in Table 6 .
An interactive second order polynomial model was utilized to evaluate both response factors. The polynomial equations generated by design expert is described as equation (1) and (2) . The model equations were tested for significance and their variance was analyzed. The p-value of both equations was less than 0.05, which indicated a significant effect of independent factors on the response values. Hence, it assured that the current model provided a satisfactory fit to the data.
Factors evidencing P-values of less than 0.05 were considered to have significant effects on the response values and defined as a remarkable factor, and were therefore selected for further optimization studies. Stirring rate X3, pre-wetting temperature X4, pre-drying temperature X5 and drying temperature X7 had p-value more than 0.05 and were excluded from the following optimization due to significantly smaller contributions to the hairiness of sized yarns. The factors displaying significant positive effects on hairiness were size concentration (p=0.0001), blowing ratio (p=0.0002) and squeezing pressure (p=0.0008), and the corresponding confidence level respectively were 85.97, 9.62 and 4.13. Similarly, for the analysis of abrasion resistance, the significant factors to R2 were size concentration (p=0.0001), blowing ratio (p=0.0011) and squeezing pressure (p=0.0281), and the corresponding confidence level were 82.17, 12.87 and 3.97, respectively; the other factors had no significant effects on R2.
Steepest ascent analysis
The steepest ascent path was analyzed to find the appropriate direction of changing factors, increasing the levels of each factor response values. Design table of the steepest ascent experiment with hairiness and abrasion resistance are displayed in Table 4 . According to the effect of the three factors -the direction of size concentration, blowing ratio and squeezing pressure -a set of experimental runs were designed. As shown in Table 4 , the smallest value of hairiness appeared in the fourth step and the largest value was also located in step 4. Comprehensively, the optimum value areas of process parameters were 10-20% of size concentration, 4-8 of blowing ratio and 0.50-1.00kN squeezing pressure. 4-8, when X1 and X6 were fixed. Y2 tended to increase first and then decrease, when X6 level ranged from 0.50 to 1.00.
In summary, higher size concentration was favorable to increase the abrasion resistance and decrease hairiness. Whereas, both abrasion resistance and hairiness decreased as the blowing ratio increased. The squeezing pressure should be controlled in a certain scope. Too high or too low squeezing pressure was not conducive in increasing the yarn properties.
In order to optimize and analyze the experimental results, the optimization objectives were defined as: the hairiness was less than 2 pieces/m and the abrasion resistance was greater than 290 times. To verify the validity of the optimization results, predicted and experimental response values led by optimal parameters after optimization with response surface method were shown in Table 7 . The theoretical (predicted) values and the observed values were in reasonably good agreement and the deviation was less than 1%, indicating that the optimization results proved the validity of the model. Additionally, a series of the three-dimensional (3D) frameworks for the optimization of parameters of foam sizing process for cotton yarns were further depicted to study the interaction and quadratic effects of the three factors on the response values. The 3D response surface illustrations for hairiness and abrasion resistant are presented in Figure 1 and 2, respectively.
In Figure 1 (a), (b) and (c), size concentration, blowing ratio and squeezing pressure had significant correlations. When size concentration (X1) was increased from 10 to 20%, the hairiness (Y1) also increased to a large extent. Figure 1 (b) expressed that a less value of Y1 could be obtained when X2 ranged from 4-8. While X6 level was increased from 0.50 to 1.00, Y1 had a trend of first increasing and then decreasing.
In Figure 2 
Conclusions
This paper, using Plackett-Burma (PB) design, investigated the impact of operational parameters of the foam sizing process, including the size concentration, blowing ratio, stirring speed, pre-wetting temperature, pre-drying temperature, squeezing pressure and drying temperature, on the outcome of foam sizing. Yarn hairiness and abrasion resistance were employed as the response values to identify significant factors influencing the foam sizing quality. Then, the steepest ascent experiment with hairiness and abrasion resistance was used to evaluate the optimal range of significant factors. Box-Behnken design response surface method was employed to optimize the factors that were found to be significant. Size concentration, blowing ratio and squeezing pressure were significant factors that affected the foam sizing quality of cotton yarns. The response values reached the maximum level when the values were set at size concentration of 19.33%, blowing ratio of 4.27, and squeezing pressure of 0.78kN. The three statistic approaches were useful to optimize the foam sizing for cotton yarns, greatly reduce the harmful hairiness and enhance the abrasion resistance, and provided a scientific basis for further investigation in the sizing industry. 
